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[0001] The invention relates to a method for producing thin coatings and to an 
apparatus for the practice of the method. 

[0002] Many different methods are known in the field of physical and chemical 
depositing technologies for the production of thin coatings. Different methods are used 
according to the desired properties of the coating to be deposited and on the material 
systems chosen. 

[0003] The method of cathode sputtering is advantageous, especially for materials 
of high melting point, in which a plasma is ignited in a vacuum in a range that is clearly 
above any typical residual gas pressure for vapor depositing processes, by_ using an 
electrical field from which ions are accelerated against a target that is at a high electrical 
cathode potential, and these ions knock atoms out of the target which then deposit 
themselves on the walls of the vacuum chamber and on a substrate usually at ground 
potential or at a low bias voltage, which is situated at a distance from the target. Heating 
of the material source is not necessary, and instead the target is cooled during the process. 
The result is a residual gas pressure usually mostly of an inert gas such as, say, argon 
which has no unwanted influence on the coating that forms on the substrate. For the 
deposition of compounds such as nitrides, carbides or oxides or the like, appropriate 
reactive gases can be admixed additionally to the sputtering gas. 

[0004] The substrate is usually arranged outside of the plasma zone in order to 
prevent any damage to the freshly growing coating by radiation from the plasma or by 
residual sputtering effects. The average free length of travel of the ions must be great 
enough so that they can reach the target with sufficient kinetic energy, i.e., with minimum 
interference due to further collision processes in the residual gas, which sets a maximum 
limit on the possible residual gas pressure. On the other hand, the pressure must be high 
enough to be able to ignite a stable plasma. With magnetic field-supported cathode 
sputtering it is possible to produce an elevated electron density on the target, resulting in a 
high plasma density at the target and therefore a greatly elevated sputtering rate. 

[0005] By the addition of reactive components, especially oxygen, to the inert gas, 
oxides can also be produced. Such a reactive sputtering process is disclosed, for example, 
in WO 01/73151 Al, where the oxygen partial pressure during the sputtering of the oxide 
must be controlled by means of a lambda probe, so that a stoichiometric oxide can form 
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in the growing coating. Of course, the target also reacts with the reactive gas, so that 
competing processes, namely ablation on the one hand, and the formation of oxide on the 
target surface to inhibit the ablation. This in tum has repercussions on the electrical 
potential in the coating chamber, the formation of plasma, and the like. Likewise, the 
coatings of the sputtered material also form, getter surfaces which bind oxygen, for 
example, as a reactive component and thus lead to a mutual, hard to predict 
interdependence of a variety of process parameters. Here too the relationship among the 
coating parameters is very complex. Often there is then a mutual influence when just one 
coating parameter is varied. Depending on the coating material to be deposited, it is 
therefore necessary to attune the coating processes and the coating parameters to one 
another. This is all the more true the more coniplex a layer system to be deposited is, 
say, in the case of the deposition of multiple layers having special functional properties, 
especially optical function coatings. The problems mentioned are especially pronounced 
in the so-called reactive DC magnetron sputtering of metallic compounds, in which the 
requirement of a reacting compound on the substrate surface in the case of a metallic 
target surface can be achieved only with great expense. For the production of insulating 
coatings, such as, e.g., Si02, AI2O3 and the like, methods have therefore already been 
developed in which, by means of two pairs of magnetron sputtering cathodes supplied by 
an alternating current source, two targets are used in alternation. The polarities of the 
target potentials usually vary in the kHz range, i.e., each cathode is altemately cathode 
and anode. This leads to a definite charge transport between cathode and anode without 
the hampering effect of an oxide coating on the target surfaces, in contrast to the 
disturbing effect of the so-called "disappearing anode" in the case of reactive DC 
magnetron sputtering. 

[0006] Efficient operation, however, requires operating in the so-called transition 
area since otherwise the formation of oxide on the target surface is faster than the ablation 
rate. 

[0007] EP 0 795 623 Al discloses an apparatus for the application of thin titanium 
oxide coatings by reactive cathode sputtering. Accordingly the power supply to the 
cathode is regulated by the signal from a y probe sensor which compares the content of 
oxygen in the vacuum chamber with a reference gas. The method is especially suited to 
the long stable deposition of oxides, which are to be made as uniform as possible, with an 
unvarying composition. 
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[0008] DE 42 36 264 CI discloses a plasma-supported electron beam vapor 
deposition in which an oxide is vaporized at a very high rate by an electron beam 
vaporizer and deposited on a substrate. During the vaporization, however, the oxide 
dissociates so that the oxygen is lost and is no longer available for oxidation in the 
growing coating. Between substrate and vaporization source there is therefore a plasma 
space containing an oxygen plasma, in which the vapor is excited on the way to the 
substrate, so that a stoichiometric oxide can deposit itself on the substrate. Depending on 
the material system, the deposition of a stoichiometric oxide is successful since either the 
partial pressure of the reactive gas or the plasma parameters are regulated during the 
coating process. 

[0009] The relationships are very complex and can hardly be transferred from one 
material system to another. Variation of individual process parameters produces different 
results in different material systems. Deposition parameters optimized for aluminum 
oxide, for example, do not yield optimum results, in the case of silicon oxide, for 
example. Moreover, different vaporization parameters which can not be ascertained 
separately appear also within one and the same material system, which lead to undesired 
alterations of the properties of the deposited coatings and make the repeatability of a 
started coating process additionally difficult. 

[0010] InEP 0 1516 436Ela magnetron sputtering apparatus is disclosed for the 
reactive depositing of a material onto a substrate with a magnetron sputtering apparatus 
and a secondary plasma apparatus. The sputtering system and the secondary plasma 
apparatus have each sputtering and activation zones which are atmospherically and 
physically adjacent. By bringing together the sputtering and activation zones, the plasmas 
of both zones are mixed to form a single, continuous plasma. 

[0011] InEP 0716 180 Bla coating apparatus is disclosed, with a deposition 
system and an apparatus for producing a plasma. The deposition and plasma apparatus 
can be operated selectively, so that a composition layer is formed which has at least 
several layers. The composition of each layer can be chosen from at least one of the 
following substrates: a first metal, a second metal, an oxide of the first metal, an oxide of 
the second metal, mixtures of the first and second metal and oxides of mixtures of the 
first and second metal. 
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[0012] The problem of the invention is to provide a method for the production of 
thin coatings, by which the composition of the coating can be controlled and influenced, 
and create an apparatus for the practice of the method. 

[0013] It is furthermore the problem of the invention to create a method and an 
apparatus for producing an optically low-loss multilayer coating, especially by the 
above-described method of the invention. 

[0014] The problem is solved by the features of the independent claims. 

[0015] In contrast to the oxidation of metal coatings or semiconductor coatings, 
the targeted deposition of a hypostoichiometric coating in the vicinity of a sputtering 
apparatus permits an increase of the coating rate, since the subsequent plasma treatment 
can oxidize thicker coatings to the stoichiometric oxide^ in less time. Furthermore, the 
reactive deposition according to the invention permits the reactive deposition of a coating 
according to the invention with a predetermined thickness with an optical loss lower than 
a given minimum, and subsequent plasma treatment permits a relative fast preparation of 
coatings with low optical losses. In comparison to known reactive sputtering processes, 
the sputtering process is less ended by troubles such as flashovers or cathode arcing, 
while at the same time coatings of high quality are formed. 

[0016] According to a further aspect of the invention, in the case of a process for 
producing a multilayer coating with at least one reactively operated coating apparatus and 
at least one reaction apparatus in a vacuum chamber on at least one substrate moving 
relative to the said apparatus, the deposit of a second coating with at least one reactive 
component is performed. By means of the reaction apparatus a change of the structure 
and/or the stoichiometry of the coatings takes place. To lessen any optical loss of the 
multilayer coating below a given value, provision is made according to the invention to 
construct an interface in an area of the second layer adjoining the first layer by means of 
the coating apparatus, having a thickness dj and a value of a deficit of the reactive 
component DEF that is less than a value DEFj. This method permits a comprehensive 

control of the changing of the structure and/or stoichiometry of the coatings and to 
produce preferably multilayer coatings with low optical losses and a low optical reflection 
and high transmissions, 

[0017] The method of the invention for the production of multilayers with 
minimal optical losses sets out from the knowledge that the deposited coatings should 
have insofar as possible a complete stoichiometry between a first constituent and a 
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reactive constituent. According to the invention the reactive sputtering process is 
conducted in a mode of controlled substoichiometry and in a second step the lacking 
content of the reactive constituent is made available by the action of the additional plasma 
source. For example, the sequence for producing stoichiometric Si02 coatings is as 
follows: in a first step a sputter coating is performed using a metallic silicon target, a 
reactive gas flow of oxygen being used and leading to a substoichiometric compound of a 
coating of, for example, SOi g. The corresponding value of the deficit of the reactive 
component DE is then 0.4. hi a second step, a plasma activation is performed with 
oxygen as reactive gas, which leads to a fiilly stoichiometric Si02 coating. 

[0018] The deposit of such coatings is determined by parameters which are 
material-related. In this case it is always possible, according to the invention, to assure an 
optimum compromise between a high sputtering rate and a maximum achievable 
stoichiometry in a first step, combined with a maximum effective following treatment by 
the plasma source in the second step. 

[0019] According to the invention, in the production of coatings, especially 
multilayer coatings with a high-refraction layer and an adjoining low-refraction layer, in 
order to avoid optical losses. These measures are preferentially indicated, since due to the 
extremely high reactivity of silicon, a substoichiometric compounds, such as SiOj g for 

example, which is sputtered onto a fully stoichiometric Nb205 layer, oxygen is removed 

from the Nb205 coating before the SiOj g layer has been changed by the plasma source 

to a fully stoichiometric state. This leads to an impairment of the optical properties of at 
least some layers of the high-refraction material and thus to a degradation of the 
multilayer coating, especially in proportion to the number of interfaces involved. To 
prevent the described effect, in for example an area of the interface directly adjacent the 
high-refraction material, a low-refraction layer of a certain thickness is provided 
according to the invention, which is in a largely or completely stoichiometric state. For 
example, this layer can typically have a thickness of 3.6 nm in the case of Si02. This 

area of the interface acts as a barrier for the protection of the high-refraction layer 
underneath it. As soon as a critical thickness of the said area has been reached the 
parameters of the sputtering process can be changed in the direction of the deposit of 
coatings of a high degree of substoichiometry or a higher value of the deficit DEF of the 
reactive component. Accordingly, an Si02 coating made by the method of the invention 
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has an internal structure, wherein a first part has a shght oxygen deficit and a second part 
a higher level of the deficit. 

[0020] Preferentially, the production of multilayer coatings with layers of 
high-refraction and low-refraction material altemating one on the other. Preferentially, 
Nb20 5, Ta205, Zr02 or AI2O3 and, as low-refraction material, Si03, are provided. 

[0021] With the method of the invention, thin coatings are successfully deposited 
with high precision and excellent quality. In an especially preferred embodiment the 
creation of oxide, carbide and nitride coatings of high optical quality is successfully 
accomplished. 

[0022] Additional configurations and advantages of the invention are to be found 
in the further claims and, independently of their summation in the claims, in the 
description. 

[0023] The invention is further described with the aid of drawings, wherein the 
figures show schematically: 

[0024] Fig. 1 A representation of a preferred arrangement of substrate, target and 
plasma source for the oxidation of a coating. 

[0025] Fig. 2 to 5 Characteristic curves in a reactive cathode sputtering. 

[0026] Fig. 6 An example of the optical transmission of a coating as a function of 
the wavelength, with and without the substrate speed, as parameters of the set of curves. 

[0027] Fig. 7 An example of the optical transmission of a coating as a function of 
wavelength with the substrate speed as a parameter of the set of curves. 

[0028] Fig. 8 Shows examples of optical losses of individual layers with 
different coating thicknesses. 

[0029] Fig. 9 The structure of a multilayer coating with interface. 

[0030] Fig. 10 The influence of the number of interfaces in a multilayer coating 
on transmission and reflection. 

[0031] Fig. 1 1 The effect of minimizing the optical losses for a multilayer coating 
according to the method of the invention. 

[0032] Fig. 12 Optical losses for single and multiple layer coatings of material of 
high and low refraction and for different coating thickness; the curves marked A and B 
correspond to multilayers with 77 and 21 interfaces without interface optimization; the 
curves marked C, D, E, F, correspond to single coatings; a multilayer coating and 77 
interfaces and interface optimization is identified byXY. 
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[0033] Fig. 13 Transmission and reflection for a multilayer coating with low 
optical losses, for wide band filters, for example. 

[0034] Fig. 14 Optical losses for a multilayer coating for various thicknesses of an 
interface. A corresponds to a thickness of 2.7 nm, B to a thickness of 3.6 nm. 

[0035] Fig. 15 Characteristic curves in the case of a reactive cathode sputtering of 
silicon at powers of 1 KW and 1.5 KW. 

[0036] Fig. 16 Curves of various process parameters in a reactive cathode 
sputtering of silicon, 

[0037] With the method of the invention, coatings with low optical losses can be 
made by reactive sputtering without breaking the vacuum, which contain reaction 
components such as oxygen, carbon or nitrogen. A production of oxides is described 
hereinafter; the method is, however, also suitable for carbides or nitrides or mixtures such 
as oxynitrides or carbonitrides or the like, while also 2 or more reactive gases can be used 
simultaneously as reactive components. 

[0038] Fig. 1 shows a schematic drawing of a preferred system for depositing a 
coating according to one embodiment of the invention. An oxide coating is deposited 
with a residual gas on a substrate 2 in a vacuum chamber 10. The vacuum chamber 10 is 
divided into several areas, A, B and C. Preferably each area A, B and C has its own gas 
delivery, not shown, as well as its own pump supply. Also, more than three such areas 
can be provided. Areas A, B and C are preferably divided off from one another by 
diaphragms which are connected to one another only through slits. Thus, a separation by 
vacuum is achieved, of process stations to be described further on, namely sputtering 
systems or a plasma source, into plasma areas A, B and C to be described further on. 
Preferably the process stations are not connected plasma-wise. The pressures, preferably 
the partial pressures of gases in the residual gas (sputter gas) in the apparatus can be 
adjusted largely independently of one another. Preferably, an inert gas such as argon Ar 
and a reactive gas, preferably oxygen O2 are contained in the residual gas. 

[0039] In the area A, a first cathode sputtering source is provided as the sputtering 
system 3, preferably a magnetron source system with two magnetron systems side by 
side, also known as a "Twinmag." The power supply can be a DC, DC pulsed or middle 
frequency (MF) or high frequency (HF) or a combination DC-HF power supply. Typical 
voltage ranges of the sputtering cathode are 400 V to 500 V. Preferably an MF source 
with 40 kHz is used. 
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[0040] In area A a sputtering material is sputtered from a target by reactive 
sputtering, a combination of sputtering material and oxygen is deposited at a sputtering 
rate depending on the working point on walls of the vacuum chamber 1 and on the 
substrates 2. Preferred sputtering materials are metals and metal alloys, such as Al, Nb, 
Hf, Ta, Ti, Zr, TiNb, and semiconductors such as Si. 

[0041] In area B a plasma source 5 is arranged which produces a plasma which 
contains excited ions and radicals of the reactive component of the residual gas. The 
reactive particles act upon the deposited coating and further oxidize it. The plasma 
source 5 can be, for example a DC, HF, MF or DC pulse or DC+HF microwave plasnia 
source apparatus, especially a Hall End plasma source, a hot cathode DC plasma source, a 
high-frequency plasma source, a medium-frequency or a pulsed DC plasma source. The 
energy of the plasma source 5 is adjustable, preferably to a range of 10 eV to 200 eV or 
also 400 eV. Preferably an ECWR (electron-cyclotron-wave-resonance) plasma source is 
used, in which the energy of the plasma particles can be adjusted in the plasma source, 
largely independently of the plasma density. 

[0042] In an area A of the vacuum chamber 10, preferably between the two areas 
A and B, a heating device can be arranged, preferably a radiant heater with quartz 
radiators. Alternatively, infrared radiators can also be provided. Therewith the substrates 
can be heated to several hundred degrees, to 250yC. 

[0043] Also provided is an area C in which a second cathode sputtering source 7 
is placed diametrically opposite, which is preferably configured like the first cathode 
sputtering source 3. In an additional embodiment, additional sputtering devices and/or 
plasma sources are provided in the vacuum chamber. 

[0044] In the space between areas A and C an optical measuring device (optical 
monitor) 8 is arranged for optical monitoring, by means of which optical properties of the 
growing layers can be determined. Preferably, transmission and/or reflection of a coating 
can, as is known in itself, be measured intermittently on at least one of the substrates to 
determine optical properties of the applied coating. Thus, the growing optical layer 
thickness can also be checked. 

[0045] A preferably planar transporter 6 moves a substrate 2 at least once past at 
least one cathode sputtering source 3, 7, and past at least one station with a plasma source 
5. The transporter 6 is preferably a substrate turntable with an adjustable speed of for 
example 1 to 100 rpm. The acceleration to high set speeds can be performed in a few 
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Steps, each time within the same area A, B and C. Instead of a planar transporter a 
drum-shaped device, known in itself, can be used for holding and for transporting the 
substrates. In this case the sputtering system and plasma source can be associated with a 
peripheral surface area of the drum. 

[0046] Usually, one or more substrates 2 are fastened on the turntable. For the 
sake of clarity only one of the substrates shown as a circle in Figure 1 is identified by a 
reference mark. 

[0047] In the vacuum chamber 10 the substrate 22 is carried by the tumtable 6 
underneath the first cathode sputtering source 3. There the target is sputtered by cathode 
sputtering, material knocked out of the target precipitating onto the substrate. An argon 
gas-oxygen mixture is used as sputtering gas in a preferred embodiment of the invention, 
so that the coating growing on the substrate 2 is an oxide. 

[0048] According to the invention the cathode sputtering process is operated such 
that in the area A or C, with the input of a reactive component, a compound layer of a 
given composition is deposited with a predetermined composition. The coating 1 is 
formed with at least two constituents, the reactive component O2 forming one of the 

constituents and, the coating 1 is produced sub-stoichiometrically with respect to 
component O2. With respect to one of the constituents, the coating 1 is deposited with a 

given deficit, of for example no more than 90, 80, 70, 60, 50, 40, 30 or 20 or less atomic 
percent of the reactive component O2. Then in the area B the content of the component 

O2 is increased in situ in coating 1, by means of plasma acting on coating 1, to the 
stoichiometric composition, and/or the structure of the coating is modified. Instead of the 
reactive component O2 another reactive gas can be fed in area B. 

[0049] It is especially good if the partial pressure of the component O2 in the area 
of the cathode sputtering source 3 is adjusted during the coating of substrate 2 to a 
substantially constant level. It is beneficial for the partial pressure of the component O2 

to be regulated by controlling its flow. It is also possible constantly to adjust the oxygen 
partial pressure through the electrical power of the cathode sputtering source 3, the rate 
being kept constant to an especially high degree through the length of the target life. 

[0050] Furthermore, in area A of the cathode sputtering source 3, an intensity of 
the plasma emission line, preferably of an emission line for the target material, of the 
reactive component or a combination of both, can be regulated to a substantially constant 
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level. This can be set through the flow of component O2 and/or the electrical power of the 
cathode sputtering source 3. 

[0051] The coating properties can also be varied by varying the speed at which 
the substrate 2 is carried past the plasma source 5 and/or the cathode sputtering source 3. 

[0052] A coating can be produced according to the invention also through a 
plurality of intermediate steps by sub-stoichiometric deposition/oxidation. Furthermore, 
multiple layers can be deposited in which altemating refraction indices are achieved along 
a growing total coating by varying the coating parameters in individual layers. Such 
multiple coatings can be deposited with control, for example, by setting the coating 
and/or oxidation time and/or the number of rotations and/or by controlling the layering 
through the optical measuring system 8 with the aid of the optical properties of the 
growing coating or sequence of coatings. 

[0053] According to another embodiment of the invention, a coating is deposited 
with a given thickness on the substrate in the area A of the cathode sputtering source 3 
with the addition of a given amount of the reactive component, and has less optical losses 
than a given minimum. In that case, in a known manner, the damping of a light wave 
falling on a coating is called optical loss. The optical losses can be leamed from 
measurements of transmission and reflection. Since the stray light due to diffuse 
scattering is connected with the roughness of a surface, it is possible to draw conclusions 
concerning the surface quality from the optical losses. Preferably, the optical losses are 
determined according to the invention by means of the optical measuring device (optical 
monitor) 8. It is especially preferred that the optical monitor be a one-wavelength or 
multiple-wavelength spectrometer, especially a spectral photometer or ellipsometer, and 
with special preference a spectral ellipsometer. After a preset coating thickness is 
deposited, the optical losses are determined and there follows an adjustment of coating 
properties according to a signal from the optical monitor 8. If a spectral photometer is 
used, the transmission, absorption and reflection can be easily determined in a given 
spectral range and as a function of the coating thickness, 

[0054] In what follows, a description shall be given, for a preferred embodiment 
of the method of the invention, of the procedure for producing a coating by reactive 
sputtering with a subsequent modification of the coating applied. Other procedures are 
also covered by the invention. A magnetron source system is used as the sputtering 
apparatus, with two magnetron systems placed side-by-side and two niobium targets. The 
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targets are operated alternately in a medium frequency range, for example with a 
frequency of 40 kHz. Shutters are associated with both targets, whereby the sputtering 
apparatus can be isolated from the substrates. The plasma source, with which a shutter is 
also associated, is operated in a radio frequency range. 

[0055] In a first step the sputtering apparatus is set to a working point at which the 
shutters are closed for the stabilization of the process. An inert gas and a reactive 
component (e.g., argon and oxygen) are admitted into the range of the sputtering 
apparatus. Also admitted into the range of the sputtering apparatus are an inert gas and a 
reactive component. The substrate carrier, for example a planar tumtable, is accelerated 
to a set speed, hi another step the plasma of the plasma source is ignited. An ignition of 
the sputtering plasma of the cathode sputtering apparatus then takes place and is brought 
to a specified power level. Then a partial pressure control is activated in the range of the 
sputtering apparatus. Preferably, a preset partial pressure level is stabilized through the 
cathode power. 

[0056] In a second step the coating of the substrates is begun. For this, the 
shutters are opened. It has been found that only a slight change of the control parameters 
established at the working point by the opening of the shutters is required. A desired 
coating thickness can be controlled through the coating time or a number of rotations. 
Especially prefeiTed is an optical measurement of the coating thickness performed in situ 
by the optical monitor 8. 

[0057] According to the invention, the reactive depositing of a coating is 
performed at a working point on a characteristic curve or map which is selected according 
to the sputter material and the reactive component material to minimize the optical loss of 
the deposited coating or of the coating modified by the plasma effect. A few preferred 
characteristic curves are represented herewith. 

[0058] In Fig. 2 a curve is presented to show the dependence of a reactive gas 
flow on a partial pressure of the reactive component in a cathode sputtering process, in an 
example using an aluminum target, with oxygen as the reactive component, and with a 
constant power in the sputtering apparatus (sputter power). At low levels of the partial 
pressure the oxygen flow first increases steeply and after a peak S it diminishes, in order 
to increase again at higher partial pressure after a minimum. At very low oxygen partial 
pressure a condition establishes itself with a largely metallic target surface, at which 
metallic coatings are deposited on the substrate. If the oxygen partial pressure increases 
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above a level corresponding to the peak point, a transition occurs in a flow-controlled 
process to an oxide or compound mode, in which the target surface is completely coated 
with reaction products and stoichiometric coatings with undesirable coating qualities 
grow on the substrate. The arrow marked O indicates the transition to the oxide mode or 
compound mode. The broken curve in Figure 2 describes the corresponding deposition 
rate. It is apparent that it is maximum at a low reactive gas partial pressure and decreases 
at increasing reactive gas partial pressure, until it comes into a saturation area parallel to 
the abscissas. Coming from the oxidic, the transition into the metallic range first takes 
place at lower oxygen partial pressures, so that the curve shows a hysteresis. The range 
between the apex and the minimum of the curve is generally inaccessible without 
complicated regulating measures, but permits the deposition of less than stoichiometric 
coatings at a high rate. The method of the invention is practiced preferably in a given 
portion of the characteristic curve with increasing or decreasing gas flow close to the 
apical point S, since there relatively high sputtering rates can be reached. Especially 
preferred is the range close to the apex S of the characteristic, with a flow of the first gas 
component O2, which in the deposition of layer 1 is no more than 50% below the 

maximum at the apex S, and with special preference no more than 20% to 10% below the 
maximum at the apex S. In this range a high deposition rate of a sub-stoichiometric 
coating is achievable, which then is exposed to plasma action. Depending on the 
material, e.g., with Ti, Nb, TiNb, it is possible according to the invention to operate in the 
transition range to the right of the peak S, while for other materials, e.g., Al, Si, the range 
to the left of peak S is preferred. 

[0059] In Fig. 3 a curve is similarly represented for a reactive gas flow that is held 
constant, at which a set value of a reactive gas partial pressure is established by means of 
the sputtering power. The sub-stoichiometric range is on the left of the arrow marked O. 
In this control method the sputtering is done, preferably but not exclusively, in a range 
around the minimum of the characteristic. 

[0060] In Fig. 4 another curve is represented, in which, at constant sputtering 
power, a target value of a sputtering cathode voltage is established by means of a reactive 
gas flow, and in the area on the right of the transition marked O is set to a 
sub-stoichiometric compound. Preferred here is an area around the peak S of the 
transition. 
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[0061] A constant reactive gas flow is used in the case of the curve in Fig. 5, a 
target value of a quotient of the sputtering rate and a reactive gas partial pressure is 
regulated by means of the electrical power of the sputtering apparatus to a predetermined 
set value. The solid curve here identifies the characteristic line in the case of oxygen as 
reactive gas, while the broken curve identifies the characteristic with nitrogen as reactive 
gas. The arrows marked Ol and 02 indicate the transition from a sub-stoichiometric 
regime on the right of the transition to a stoichiometric regime left of the transition, for 
oxygen and nitrogen, respectively, as reactive gas. It can be seen that the location of this 
transition depends on the reactive gas used. Also, in the case of oxygen, the minimum is 
on the right of the said transition at Ol, and in the corresponding characteristic for 
nitrogen it vanishes; to this corresponds an absence of a hysteresis. The quotient of 
sputter rate and reactive gas partial pressure can be determined from a quotient of a 
material and reactive gas partial pressure plasma line intensity. Material in this case 
means the material of the sputtering cathode; silicon in the present case. A two-line 
measurement of this kind has the advantage that the result is relatively independent of any 
contamination of a light conductor entry window through which the corresponding 
emission lines are measured. 

[0062] Typical values for the present invention are 40 sccm/min for the argon 
flow and 30 sccm/min for the oxygen flow in the area of the sputtering system. An 
oxygen partial pressure is determined preferably from the signal from a lambda probe in 
the area of the sputtering system. The typical power of such a dual magnetron cathode 
station in the process of the invention is in the range of 20 sccm/min, while the argon 
flow is in a range of 2 sccm/min. The power in case of an RF operation is in a range of 1 
KW. 

[0063] To control the sputtering system 3, 7, and the plasma source 5 as well as 
the moving of the substrates a control unit is provided which is not shown in the 
drawings. The control takes place in a parameter area in which characteristic curves and 
characteristic maps are plotted, as already explained more precisely. In a preferred 
embodiment of the invention a signal fi-om the optical monitor 8 is used in order to 
establish the working parameters for optimizing the optical quality, especially so as to 
minimize the optical losses of the deposited coating. This is done preferably on line. 
Likewise, such procedure is performed layer by layer or upon a changeover from one 
layer to the next. Especially preferred is the use of an optical signal for the performance 
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of a control regulation to allow for long-term drifting of the coating properties, such as 
transmission, reflection, and/or optical losses. Also, the operation of the entire apparatus 
comprising the sputtering system 3.7 and the plasma source 5, in regard to optical 
properties of the deposited and modified coating, or in regard to the speed of the 
production of the coating. For this purpose, for example, appropriate working points are 
selected on a characteristic line by means of the control system, followed by plasma 
action and an optimization value is determined. 

[0064] Optical monitoring can take place directly after each sputtering by the 
sputtering system 3, 7, and/or after a plasma apphcation by the plasma source 5 on at least 
one substrate. 

[0065] Fig. 6 shows an example of the optical transmission of a coating produced 
by the method of the invention as a fiinction of wavelength (upper curve Sj) in 

comparison with a coating which was not exposed after sub-stoichiometric deposition to 
the oxygen plasma fi*om the plasma source 5 (lower curve S2). The coating parameters of 

the two layers are the same except for the oxidation near the plasma source 5. The 
sub-stoichiometric coating shows a very low transmission, but very high losses, so that it 
is unusable as an antireflection coating or filter or the like. It can be seen plainly that 
oxidation by the plasma action permits a very effective improvement of the coating 
properties (upper curve Sj). 

[0066] Fig, 7 shows an example of the optical transmission of a coating as a 
ftinction of wavelength, with a substrate speed as a parameter of the curves. At a high 
speed of, e.g., 180 or 120 rpm, the optical transmission of the coating is higher (upper 
curve) than with only half the speed of, e.g., 60 rpm (lower curve). 

[0067] Fig. 8 shows examples of single-layer coatings of various thickness which 
were made according to the invention. Curves A and B identify Nb205 coatings with a 

thickness of 1,000 nm to 500 nm. Curve C identifies a Ta205 single layer with a 

thickness of 1,000 nm. Curves D and E identify Si02 coatings with thicknesses of 1,000 

nm and 500 nm, respectively. It can be seen that the optical losses of the material used 
depend on the coating thickness and the wavelength. All in all the optical losses are very 
slight and increase only near the absorption edge of the material in question. 

[0068] Single layers of a high-refracting material, such as Nb203, Ta205, Ti02, 

Zr02, AI2O3 require for a low optical loss a deposition in the reactive sputtering with 
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only a slight oxygen deposit, the coatings being thereafter exposed to the reactive plasma 
of the plasma source. The energy of the particles of the reactive plasma of the plasma 
source 5 is preferably lower than 50 eV. For low-refraction single layers such as SO2 can 

also be obtained with a greater oxygen deficit in the reactive sputtering followed by the 
action of the reactive plasma of the plasma source. 

[0069] According to the invention, an excellent optical quality of the coatings 
results if they are first made sub-stoichiometrically with a defined oxygen deficiency and 
are then oxidized by plasma action to the stoichiometric oxide. Typically, 0.2 to 0.4 nm 
are deposited per revolution. The deposited coating is preferably X-ray amorphous or 
nanocrystalline with a smooth surface, but at the same time has a dense texture firee of 
voids, so that the prevention of water entry fi^om the atmosphere is achieved, which 
otherwise would lead to unwanted refraction changes. The improved surface texture is to 
be attributed substantially to the plasma action which to this extent can replace any 
treatment of the substrate with a bias voltage common in the state of the art. 

[0070] In the production of low-loss multilayer coatings according to the 
invention, in which a deposit of a second layer containing at least one reactive component 
on a first layer is performed by means of a reactively operated coating apparatus, an 
alteration of the texture and/or stoichiometry of the coatings is likewise provided by 
means of a reaction system. The first layer can also be substrate. A schematic 
representation of a multi-layered coating on a substrate, with a first layer, a second layer 
and an interface of the thickness d in an area of the second layer adjoining the first layer 
is shown in Fig. 9. The coating apparatus can be any reactively operated coating 
apparatus, especially apparatus which operate on the principle of physical vapor 
deposition, such as vapor depositing or sputter technologies. The reaction apparatus is a 
plasma source, e.g., a DC, HF, MF or DC pulse or DC plus HF or microwave plasma 
apparatus. 

[0071] Preferred are multi-layer coatings of alternating high- and low-refraction 
layers, such as are used especially for optical filters. The multilayer coatings can also 
consist of alternating high-, low- and medium-refracting layers. A layer with an index of 
refraction substantially greater than 1.9, preferably between 1.9 and 2.6, is considered as a 
high-refraction layer. 

[0072] A coating with a refractive index between 1.3 and 1.5 is considered to be 
low-refraction. Medium-refraction coatings have a refraction index between 1.5 and 1.9. 
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Examples of high-refraction materials in this sense are, for example, Nb205, Ta205, or 
Zr02. Coatings of Si02, for example, are considered low-refraction. 

[0073] In Figure 10 are shown transmission and reflection values with a number 
of Nj =21 and N] = 79 interfaces for Nb205 / Si02 multilayer coatings in relation to 

wavelength. From the figure it can be seen that with a growing number of interfaces or of 
layers of the multilayer coating the optical losses increase. 

[0074] The depositing of the coatings as well as the alteration of the texture 
and/or stoichiometry of the layers is performed preferably by the method described 
further above, yet other methods can also be practiced. To lower the optical loss of the 
multilayer coating below a given level, an interface with a thickness dj is created in an 

area of the second layer adjoining the first layer, preferably by means of the coating 
apparatus, and with a value of a deficit DEF of the reactive component lower than a value 
DEFi. 

[0075] It is preferred in the method of the invention if the thickness d^ of the 
interface exceeds a minimm value. The rest of the deposited layer can be deposited 
reactively with a higher deficit DEF. 

[0076] With special preference the interface is produced by operating the reaction 
apparatus with a stoichiometry as perfect as possible, 

[0077] Preferentially in the described process a low-refraction coating of Si02 is 

deposited on a high-refraction coating, for example, Nb205, Ta205 or the like. Carbon 
or oxygen also can be used as the reactive component. A high-refraction layer can again 
be deposited on the low-refraction layer. 

[0078] A multilayer coating according to the invention can be produced in 
different ways. It is especially simple if values of a momentary thickness d(t) of the 
second layer are determined and, as soon as d(t) is greater than a value dj, the deposition 
of the second layer is begun with a value of the reactive component deficit DEF is greater 
than DEF J. The values of the momentary thickness d(t) of the second layer can be 

determined during the deposition of the second layer, for example according to a 
monitoring signal from the optical monitoring system (8). 

[0079] In Fig. 1 1 is shown the effect of minimizing the optical loss for a 
multilayer coating made by the method of the invention. In a Nb205 / Si02 multilayer 
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coating,, the interfaces have been deposited with different oxygen deficits. A and Ay 
represent the reflection and transmission values in relation to wavelength for a multilayer 
coating with a relatively great oxygen deficit at the interface, while B and By are the 
transmission and reflection values with a relatively low oxygen deficit at interface. 
Curves A and Ay show greater optical losses than curves B and By. 

[0080] In Fig. 12, to further illustrate the method of the invention for single layers 
of high- and low- refraction material and for multiple layer coatings with alternating 
optical layers of high and low refraction, optical losses are plotted in Fig. 12 in relation to 
wavelength. Here the values for a multilayer coating with 77 non-optimized interfaces 
are indicated at A, while values of an otherwise equal multilayer coating are given at B. 
The losses of B are lower than those of A, because the number of interfaces is only 21 
compared with 77. The values of a multilayer coating comparable to A, however, but 
with optimized interfaces, are indicated by XY. The curve XY shows extremely lower 
losses compared with curve A for the corresponding multilayer coating. Curves C, D, e 
and F designate high- and low-refraction single layers with a thickness of 1,000 nm and 
500 nm, respectively. 

[0081] Fig. 13 shows transmission and reflection in relation to wavelength for a 
N205/Si02 multilayer coating which is made by the method of the invention to achieve 
the lowest optical losses. If the transmission and reflection of a filter is measured in 
relation to wavelength, the filter has places of maximum and minimum transmission. At 
the maximum transmission points the reflection is minimal and vice versa. At these 
points the losses can most easily be determined: by subtracting from 100% Tmax and 
Rmin or Tmin ant Rmax. A multilayer coating according to Fig. 13 is designed 
preferentially for broadband filters. 

[0082] Fig. Millustrates, for a Si02 interface layer on a high-refraction coating, 

the effect of a variation of the thickness d of the interface layer on the optical losses in 
relation to wavelength. The curve marked A gives values for a L7 mm thick interface 
layer which shows a clear relationship to wavelength. In comparison, the values for a 3.6 
mm thick interface layer is marked B and shows considerably lower optical losses as well 
as a considerable independence from the wavelength in the range represented. In Fig. 14 
it is furthermore apparent that a critical thickness of the interface layer exists, after which 
a clear reduction of the optical losses occurs if the value of the deficit of reactive 
component DEF is made less than a critical value DEF|. In the case of a low-refraction 
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layer SO2 on a high-refraction layer, e.g., Nb205, the critical value is in a range between 

2.5 and 10,0 nm, preferably2.6 nm, 27 nm ... 3.6 nm, 3.7 nm, 3.8 nm. The deficit DEF = 
2- X of the reactive component is then to be chosen relatively low, corresponding to a 
value X of the reactive component of SOx in the area of the interfaces of more than 1.5, 

1.6... to 1.8. 

[0083] In a preferred embodiment of the method, in order to produce the SiOx 
coating in the interface area, at first relatively thin layers are produced per rotation of the 
substrate plate at relatively low sputtering power and a relatively low oxygen deficit. 
Preferably reactive sputtering is performed in the area of transition to the oxide mode. 
After reaching a coating thickness, which can be preset, of for example 3.6 nm, the SiOx 
coating is deposited with a relatively great oxygen deficit at a higher power and exposed 
to the reactive plasma from the plasma source. This [plasma] is preferably constant. 

[0084] In Fig. 15, curves are shown for the reactive deposition of the interface 
coating at a lower and greater deficit. The figures for the sputtering voltage and initial 
power of a lambda sensor at 1 kW are indicated at A and Ay, and figures for the 
sputtering voltage and the lambda signal at a sputtering power of 1.5 kW are given at B 
and By. The energy of the coating particles is preferably between a few eV up to 200 eV. 
It is preferred if the particles of the reactive plasma have an energy of less than 50 eV. 

[0085] In Fig. 16, the time curves of important process parameters during reactive 
cathode sputtering with oxygen as a reactive component are represented schematically, as 
used in a preferred embodiment of the process. In this case the operation is performed at 
constant values of the plasma source power, of the argon flow in the area of the sputtering 
apparatus and of the oxygen flow in the rea of the sputtering source and plasma source. 
At a moment T^ the power of the sputtering system is increased. From this moment T^ 
the oxygen partial pressure in range of the sputtering apparatus is reduced. Preferably, at 
the moment T^ a specified coating thickness of, e.g., 3 nm is reached. The coating 
sputtered up to this moment has a relatively low oxygen deficit. Layers sputtered after 
the moment Tq have a relatively high oxygen deficit. It is understood that, in further 

embodiments of the invention, the parameter values of other factors than those of the 
sputtering power and oxygen partial pressure can vary differently time-wise in the area of 
the sputtering apparatus. 
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[0086] By the deposition of relatively thin SiOx coatings with a relatively low 
oxygen deficit it can be assured that both the interface layer and the layer, for example of 
Nb205, underneath it, by dint of the action of the reactive plasma source following the 
SiOx deposition, can be a stoichiometric coating. Especially it can be achieved by such a 
procedure that any eventual withdrawal of the reactive component, especially the oxygen, 
can be compensated by the reactive SiOx from the layer beneath it (Nb205) due to the 

action of the plasma source. If on the other hand the SiOx is deposited at too high a rate, 
it is possible by the reactive plasma action to oxidize to a stoichiometric Si02, but it be 

comes under certain circumstances so dense that a sufficient penetration of the action of 
the plasma source to achieve stoichiometry of the layer underneath it to the layer under 
the SOx layer is not possible. After a certain thickness of the interface layer applied with 
a slight oxygen deficit, SiOx applied anew onto the already deposited layer can withdraw 
no more oxygen from the layer undemeath it, so that the further deposition of SiOx with a 
higher deficit of oxygen can take place. 
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